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Abstract 

Simulations of laser beam propagation at 3.5 microns wavelength through atmospheric turbulence are used 
to characterize on-target irradiance profiies and the Van Ciuert-Zemike speckle cell areas associated therewith. 
Results for a 3 km horizontal path with C d  values between 2 .5~10- l~  and 5x10-13 m - m  are compared with 

those for a 20 km near-vertical slant path for a Cd versus altitude with a near-ground value of 5x10-13 m-2fl 

and a Huffnagel-Valley type shape. The irradiance fluctuations for the slant path are much smallex than for the 

shorter horizontal path. The speckle cell area for the slant path is approximately the vacuum-path value; for the 
3 km horizontal path it is at most 3 times the vacuum-path value. 

1. Introduction 

When the return beam for a DIAL system is generated by diffuse reflection from topographic or man-made 

targets of opportunity, speckle and atmospheric turbulence cause unavoidable pulse-to-pulse signal fluctuations at 
each wavelength. In many experiments speckle and turbulence are among the dominant causes of signal 

 paper^.^*^ Laser beam propagation through the turbulent atmosphere has been studied theoretically by many authors 
and is the subject of several papers in Strohbehn's book7 and of several review articles.*9 The theory of the 

interaction of speckle and turbulence in beam propagation to a diffuse reflector followed by speckle field 
propagation back to a detector located in the plane of the transmitter has been studied less ~ o r n p l e t e l y . ~ ~ - ~ ~  The 

most extensive work is that reparted in Banakh and Mironov's booklo and references cited therein. This book gives 
asymptotic forms for irradiance fluctuations and for the normalized irradiance autocorrelation function bfR,r) for 

spherical and plane wave illumination in the limits of weak and of strong turbulence. Unfortunately, Banakh and 
Mironov do not evaluate, nor do they provide a form of bfR,r) that allows the reader to evaluate, the effect of 

receiver aperture averaging. The works of Holmes and his ~ o l l a b o r a t d ~ - ~ ~  are specialized to focused beams12*13 
or restricted to weak hubulence13 and we are interested in collimated or diverging beams in moderate-to-strong 

turbulence. 

and the interplay of turbulence and speckle has been discussed in various experimentally-based 

For lasers whose pulse length is short enough to ignore atmospheric motion during a pulse, turbulence changes 

the speckle pattern in two ways. First, on the propagation path from the laser to the diffuse reflector (transmission 

path) it causes distortion and centroid wander of the irradiance delivered to the reflector. Second, on the propagation 

path back from the diffuse reflector to the receiver telescope (reception path) it adds fluctuations that are related to 

those on a spherical wave emanating from a point on the reflector. After a brief and partial discussion of the theory 



of fluctuations due to speckle and turbulence, this paper will present numerical estimates of the size of the 
uansmission path effect for a 3 km horizontal path with a constant Cd as a function of Cd in the range 
2.5xlO-l4< C,? < 5x10-13 m-m and for a 20 km slant path from 18 km altitude whose ground level C' is 

5x 10-13 m-m. 

2. Theory of speckle and turbulence induced fluctuation of received energy 

To focus on the contribution of the interplay between speckle and turbulence, the theory in this section neglects 
a number of effects that increase the signal fluctuations in a real DIAL system. For example, the effect of variation 
in transmitted laser pulse energy is neglected, this is equivalent to assuming noise-free normalization at each 
wavelength. Fluctuations caused by shot and detector system noise and by variation in atmospheric extinction are 
omitted also. Furthermore, any spectrometer slits in the detector optical path are assumed to be wide enough that 
they do not clip the image of the illuminated area on the diffuse reflector. (Most of these effects add in quadrature to 

the fluctuation terms discussed below.) Finally, the target reflectivity is assumed to be a constant independent of 
position in the diffuse reflector plane. To summ&, except for hard-target speckle and atmospheric turbulence, 
perfect conditions are assumed. 

The DIAL system considered here has transmitter and-receiver apertures located in one plane and a diffuse 
reflector located in a plane at a distance z. Between these two planes is a turbulent atmosphere that is characterized 
by C,?(z). Under the ideal assumptions discussed above, Eq. (1) describes the two contributions to fluctuations in 

the energy, P, collected by a finite receiver telescope aperture for a single laser pulse, 

In Eq. (1) the over-bar denotes an ensemble average over realizations of the diffuse reflecting surface; this average is 

taken for a particular realization of the transmission and reception path turbulence. The angle brackets and the 

subscripts denote ensemble averaging over realizations of the transmission (subscript t) and reception path (subscript 
r) turbulence. The first term on the right-hand side of Eq. (1) is the fluctuation in received energy due to speckle for 

given turbulence conditions (each turbulence realization has its own mean) averaged over the turbulence 
realizations. Before the average over turbulence, for a pulse of duration z this term is given by 



because the electric field E is a gaussian random variable. The integrand of Eq. (2) is the magnitude-squared of the 

second-order coherence function, which in turn is given by a generalization of the Van Cittert-&mike Theorem, 

where G is the Green’s function for propagation from the laser transmitting telescope to the diffuse reflector that is 
located a distance z away and has reflectivity R, and I is the laser irradiance at the reflector. When the vacuum 

Green’s function, 

is used in Eq. (3), Eq. (3) is the standard form of the Van Cim-=mike Theorem.15 The second term in Eq. (1) is 

the mean square fluctuation due to turbulence of the speckle-averaged received energy If we define an optical 
transfer function as 

and note that 

F = J d2{ T( $, $)I(  j )  , 

then by substituting Eq. (3) in Eq. (2) and exchanging the order of integration to make the receiver aperture integrals 
innermost we can rewrite Eq. (1). In the case of a bistatic DIAL system in which the angle between the transmission 
path and the reception path is large enough that the turbulence on the two paths is statistically independent, the result 

for the first term is 

and for the second term, 

If we make the somewhat dubious assumption that the source is smaller than the isoplanatic patch, then the final 
average becomes c6T(O)%, and can be taken outside the integrals. The remaining integrals give the square of the 

laser power arriving at the diffuse reflector plane which makes this second term the mean-sqw fluctuation of the 



received energy of a spherical wave propagating from a point on the diffuse reflector to the receiver aperture. 
Evaluation of this term for sources larger than the isoplanatic patch is the subject of future research. 

The remainder of this paper focuses on estimates of the first term of Eq. (1) as given by Eq. (7). Since the 
optical transfer function T describes an optical system made up of atmospheric propagation from the reflector plane, 

reflection from a phase conjugate mirror at the receiver plane, and propagation back through the same atmosphere to 
the reflector plane, the result of Eq. (7) is approximately the same as if the vacuum Green's function is used in the 
definition of T (Eq. (5)). In this paper all the numerical estimates are obtained using the standard form of the Van 

Cittert-Zemike Theorem which is equivalent to using the vacuum Green's function in Eq. (7). 

3. Calculation method and results of numerical calculations 

The laser propagation calculations were performed using the wave-optics code FOURD which uses the split- 

operator fast Fourier transform 0 numerical method. Turbulence is modeled by a series of statistically 
independent random phase screens distributed along the propagation path and the screens are generated by a 
standard FFT method without any correction for tilt.16 (Because we are only evaluating ensemble averages over 

diffuse surface realizations. tilt (beam wander) does not affect the results.) Then, speckle statistics are computed 
from the end-of-path irradiance using the Van Ciaert-%mike Theorem. 

All the numerical calculations reported here correspond to propagating a 10 cm diameter, 3.5 p wavelength 

laser beam fmm a receiver plane through atmospheric turbulence over a horizontal path, or over a slant path of 
length z from high-altitude, to a diffuse reflector plane. The first set of calculations used a t = 3 km horizontal path 
with a constant C,i' along the path and explored the effect of different C,i' values. A diverging laser beam 

corresponding to a Eactor of 7 geomeaic-optics beam expansion in vacuum was used. Figure 1 shows four of ten 
reaIizations of the Iaser irradiance at the diffuse reflector p h e  that were calculated for the ~,i' = 2x10-13 m-m 
case. The pulse-to-pulse variation of the location of the bright patches within the diffraction limited footprint is 
readily apparent. Clearly if narrow spectrometer slits in the detector optical path clip the image of the illuminated 
portion of the diffuse reflector, these variations plus beam wander can add a subtantial term to the fluctuations 
included in Eq.( 1). Figure 2 illusbates the qualitative changes in the irradiance profiles with increasing Cd. It 
contains greyshade pictures of representative samples of the computed irradiance at the diffuse reflector plane for 
three C? values. AS expected, at IOW values of C? the irradiance variation at the reflector plane is a modest 

fraction of the average irradiance, most of the energy is confined to the diffraction limited footprint, and the bright 
patches have diameters of order At intermediate values of Cd the irradiance. variation approaches its 

saturation value (the mean irradiance), but the footprint and bright patch size are not significantly changed. At even 
larger values of C,$ the bright patch size becomes smaller and the beam begins to spread noticeably beyond the 

diffraction limited footprint. 



For each calculated kradhce profile at the diffuse reflector plane, a speckle autocorrelation function at the 
receiver aperture was computed from 

using Q. (3) and a FFT to evaluate the integral therein. For Cd values of 2.5.5, and 20 x ~ O - ~ ~  m-m, the results of 

ten calculations were averaged and then the x- and y-axes were averaged to give the autocorrelation functions of 
Fig. 3. As Cd increases from the lowest value (innermost curve) the width of the central peak of the 

autocorrelation functions shown in Fig. 3a first broaden, then reach an apparent limiting value when turbulent 

scintillation saturates, and finally actually decrease slightly as the irradiance spreads outside the diffraction limited 
footprint. Figure 3b shows the wings of the autocorrelation function on a logarithmic scale; we see that wide angle 
scattering monotonicly increases with increasing C? . 

Using Eq. (9) a speckle cell area, A,, that characterizes the extent of aperture averaging of speckle for large 

receiver apertures can be defined as 

The significance of A, is that for receiver aperture areas, A,, such that A,. >> A,, 

so that smaller A,. corresponds to less fluctuation. Figure 4 shows the ratio of the mean value of A, for laser beam 

propagation through 3 km of turbulence to that for propagation of the same beam through vacuum. These results 
were obtained by computing A, for each of ten propagation calculations at each Cd value and averaging the ten 

results; the emor bars are k one standard deviation of the mean as estimated from the ten A, values. At low Cd 
values As is only slightly larger than its vacuum propagation value. By Cg = m-rn A, has saturated at a 

value of +i 3. Finally, somewhere in the range 2x10-13 e Cd e 3x10-13 m-m A, decreases again due to beam 

spreading beyond the vacuum propagation footprint 

How do these horizontal path results compare to the corresponding results for a much longer slant path from a 
high-altitude airborne platform? To answer this question irra- profiles for ppagation through a 20 km slant 
path from 18 lan altitude to the ground with the Cd profile of Fig. 5 were computed. (The Cd profile of Fig. 5 
was chosen to approximately match the behavior of the more common Huffnagel-Valley ro = 5 cm and 00 = 7 pad 

profile at altitudes above 10-12 km and to match the highest ground-level Cd used in the horizontal path 

calculations.) The laser beam was the same as that for the horizontal path calculations, except that it was collimated. 

Diffraction over the longer path caused the vacuum beam diameter at the ground to be about 80 cm or approximately 



the same as for the hotizontal path calculations. Figure 6 compares the greyshade negative image of the irradiance 
profiles at the diffuse rekctor plane for the horizontal path case with C d  = 5x10-13 m-m (upper image) to that for 

the slant path case (lower image). Figure 7 shows the horizontal center line irradiance profiles corresponding to 
these two images. Notice that the slant path irradiance has much less peak-to-valley variation. The reason can be 
gleaned from the parameters in the fmt and last row of Table 1. Because Cd falls off so rapidly with distance 

above the ground, both ro and cx2 for the slant path are closer to that of a 3 km horizontal path with 

C d  = 2.5~10-14 m-m than to one with the matching ground elevation value of Cd = 5x10-13 m-m. 

4. Summary 
For large receiver apertures transmission path (laser to diffuse surface) turbulence increases the contribution of 

speckle to the fluctuation of the received energy by a factor of the relative speckle cell area. By defmition this factor 
is unity for propagation in vacuum. For the 3 km horizontal paths investigated herein. its largest value was about 3 
while for a slant path from 18 km altitude it was less than 1.2. Also, in the theory section reception path turbulence 
was shown to add a term to the mean square received energy fluctuation that is related (at least in the simplest case) 
to aperture averaged fluctuations of a spherical wave emanating from the diffuse reflector plane. 

Table 1. Turbulence parameters and speckle cell areas for the calculations reported herein. 

Description 

horizontal Cd = 5x m-2/3 1-03 1.19 1.49M.07 

2 . w .  1 1 horizontal Cd = 3 . 5 ~  10-13 m-2B 1-28 

horizontal Cd = 2X10-13 m-m 1-79 0.48 2.%M.44 

0.83 

0.24 2.83H.28 horizontal Cd = 1 ~ l O - l ~  m-223 2.71 

horizontal Cd =5xlO-l4m-2/3 4-11 0.12 1.88kO.09 

horizontal cd = 2 . 5 ~ 1 0 - l ~  m-m 6-23 0.060 1.48M.07 

I slant path from 18 km altitude 7.1 1 0.058 1.18fl.01 

This work was performed under the auspices of the Department of Energy by the Lawrence 
Livermore National Laboratory under contract W-7405-Eng-48. 
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Figure 1. An example of pulse-to-pulse variability of laser irradiance after propagating 3 km through four 
realizations of turbulence with Cd = 2 ~ l O - l ~  m-2fi. The laser beam had a wavelength of 3.5 pm, a uniformly 

illuminated 10 cm initial diameter, and a divergence that corresponds to a factor of 7 geometric-optics expansion at 
3 km. Each greyshade negative (black is the highest irracliince) represents propagation through a statistically 
independent realization of the turbulence. The greyshade levels display 0-2 times the peak irradiance for vacuum 
propagation; higher irradiance values are plotted at 2x. 



(a) C$ = 2.5.x1O-l4 m-w 

Figure 2. Greyshade negatives of representative laser irradiance profiles 3 km from the transmitter aperture for Cd 
values of (a) 2.5xlO-l4, (b) 2x10-13, and (c) 5x10-l3 m-m. The greyshade levels display 0-2 times the peak 

irradiance for vacuum propagation; higher irradiance values are plotted at 2x. 
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Figure 3. Normalized irradiance autocorrelation functions for C,? = 2.5,5, and 20 x10-14 m-2fi. Each line is the 

average over ten calculations with statistically independent turbulence realizations and over the x- and y-axes of 
each calculation: (a) a linear plot for small separations, (b) a logarithmic plot for a larger range of separations. 
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Figure 4. Computed relative speckle-cell areas as a function of C d  for the horizontal path case described in the 

caption of Figure 1. Each point is the average of ten values computed from statistically independent turbulence 
realizations. The error bars are k one standard deviation of the mean as estimated from the ten values. 
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Figure 5. The C d  versus altitude profile used in the 18 km to ground slant-path calculations discussed in the text. 

It is a Huffnagel-Valley profile with a coherence diameter of ro = 0.73 cm and an imphatic angle of 80 = 3.9 pad 

at a wavelength of 0.5 pm. These values were chosen to retain the high-altitude behavior of the more standard 
ro = 5 cm and 80 = 7 pad profile while giving Cd = 5 ~ 1 0 - l ~  m-2B at the Earth's surface. 



(a) 3 km horizontal path with C N ~  = 5 ~ 1 0 - l ~  m-2/3 

(b) 20 km slant path from 18 km altitude to the ground 

Figure 6. Comparison of greyshade negative images of representative irradiance profiles at the diffuse reflector 
plane for the 3 km horizontal and the 20 km slant path from 18 km altitude. The greyshade levels display 0-2 times 
the peak irradiance for vacuum propagation; higher irradiance values are plotted at 2x. 
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(a) 3 km horizontal path with C N ~  = 5~10-l~ m-2B 
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(b) 20 km slant path from 18 km altitude to the ground 
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Figure 7. Comparison of the x-axis irradiance profiles (horizontal centerline) corresponding to the images in Fig. 6. 

The slant path has a much smoother irradiance profile despite the longer propagation distance. 


